, was paid much attention in the presence of divalent cationic heavy metals, namely Cd(II), Co(II), Cu(II), Ni(II) and Zn(II). There have been many studies concerning the separation of Cr(VI) from Cr(III). [1] [2] [3] [4] [5] [6] [7] [8] Some studies were carried out using chealating or extracting agents. [1] [2] [3] The other methods involve co-precipitation 4 and methods based on solid-phase extraction [5] [6] [7] and ion exchange. 8 The conventional methods for the extraction of aqueous metal anions involve the formation of ion-pair complex with one or more large organic cations (usually monovalent) by using, for example (CH3)4N + Cl -or (C4H9)3NH + Cl -. 9 However, such ionpairing agents show poor selectivity towards metal anions. It is, therefore, of both scientific and practical interest to develop simple and adaptable extraction systems having both high selectivity and extractability for particular kinds of metal anions in the presence of other foreign metal ions.
Recently, the selective extraction of Au(III), 10 Tl(III) 11 and Co(II), 12 as ion-pair complexes of alkali metal ions coming from the salting-out agents, for instance, Na + [AuCl4 -], Na + [TlCl4 -] and Ca 2+ [CoCl4 2- ], has been reported by employing watermiscible 2-propanol as an organic solvent with salting-out. Such applications using polar solvents with a salting-out technique have been reported in the case of extracting metals as anions. [13] [14] [15] [16] In this paper, we report on the toluene/ter-BuOH mixed solvent system for the selective extraction of Cr(VI) as monovalent CrO3Cl -in the presence of divalent heavy metals without using any extracting or complexing agents. The influences of phase parameters on the extraction and the extraction mechanism are discussed in detail.
Experimental

Apparatus
An atomic absorption spectrophotometer (AAS) (Perkin Elmer AAnalyst 100), a gas chromatograph (GC-380 Gasukuro Kogyo) and a Karl-Fischer titration using automatic titrator (Kyoto Electronics, MKC-210) were used to determine salts, ter-BuOH and water concentrations in the organic phase, respectively.
Chemicals and reagents
Analytical-grade chemicals and reagents were used. A JIS standard Cr(1000) solution was used to prepare standard solutions for calibration. Concentrated hydrochloric acid was standardized before use.
Procedure
Toluene/ter-BuOH mixed solvents were prepared at different mole fractions of ter-BuOH (χt-but), namely 0.00, 0.03, 0.05, 0.08, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8. Aqueous 5 M CaCl2 at 0.1 mol dm -3 (= M) HCl concentration was employed as an aqueous phase. The metal concentration in the aqueous phase was maintained at 6 ppm. Equal volumes of aqueous and organic phases were mixed well and centrifuged for 15 min and then two phases were separated. The concentrations of metals in the aqueous phases before and after extraction were determined by atomic absorption spectrometry (AAS). The salt (CaCl2) concentration in the organic phase was also determined by AAS. In addition, the ter-BuOH concentration in the organic and aqueous phases and the water concentration in the organic phase were determined by gas chromatography and the Karl Fischer method, respectively. The extraction behaviors of individual metals of Cd(II), Co(II), Cu(II), Ni(II) or Zn(II) were also examined separately at different mole fractions of terBuOH in the toluene/ter-BuOH mixed solvent. Then, the extraction of Cr(VI) was performed in the presence of above metal ions at the same concentration (6 ppm).
Recommended procedure for the separation of Cr(VI)
Equal volumes of a 5 M CaCl2 aqueous solution at 0.1 M HCl containing Cr(VI) and divalent metals and the toluene/terBuOH mixed solvent at χt-but = 0.4 were shaken well and centrifuged for 15 min.; the phases were then separated. Extraction was repeated twice and the separated organic phases were combined. After a 5 ml portion of the combined organic phase (toluene/ter-BuOH) was mixed with 5 ml of ter-BuOH, the extracted Cr(VI) into organic phase was back extracted into 5 ml of a 2 M NaOH aqueous solution.
Results and Discussion
Analysis of the chemical compositions of aqueous and organic phases after salting-out
The chemical compositions of aqueous and organic phases corresponding to different mole fractions of ter-BuOH in toluene/ter-BuOH mixed solvents were analyzed to determine the influences on the extraction of Cr(VI) and other metals. The results are shown in Table 1 . From Table 1 , it can be seen that the volumes of the phases after mixing remained almost equal to their initial volumes, especially at lower mole fractions of terBuOH in a mixed solvent. However, a very small decrease in the initial volume of the organic phase (5 ml) was seen at a fairly higher mole fraction of ter-BuOH. In the organic phase, the concentrations of ter-BuOH, H2O and CaCl2 increased with an increase of the initial mole fraction of ter-BuOH in the organic solvent mixture of toluene and ter-BuOH. The dissolution of ter-BuOH into the aqueous phase and that of H2O into the organic phase compensate for any change in the volumes of the aqueous and organic phases after mixing organic solvent and the aqueous solution. Furthermore, the transfer of CaCl2 to the organic phase was so small that the concentration of CaCl2 in the aqueous phase was constant (| 5 M). Such a fairly constant salting-out effect in the aqueous phase controls the change in the volume of the phases.
Effect of the solvent composition in a mixed organic solvent on the extraction of Cr(VI) and divalent metals
Toluene/ter-BuOH mixed solvents at different mole fractions of ter-BuOH (χt-but) were studied. Figure 1 shows the extraction behavior of Cr(VI) and divalent metals as a function of the mole fraction of ter-BuOH in a toluene/ter-BuOH mixed solvent. It reveals that Cr(VI) was extracted into the organic phase for all toluene/ter-BuOH mixtures of ter-BuOH mole fractions ranging from 0.01 to 0.8. The extraction percent (E%) of Cr(VI) increased with the increase of the mole fraction of ter-BuOH in the range of 0.0 < χt-but < 0.1, showing a rapid increase in extraction up to 80%. It was then increased moderately for mixed solvents of χt-but over 0.1. Divalent metals were not extracted into mixed solvents of χt-but in the range of 0.0 < χt-but < 0.6, but less than 20% extraction of metals was shown at higher mole fractions of ter-BuOH in the mixed solvent (χt-but < 0.6). The above observations suggest the selective extraction of aqueous Cr(VI) accomplished by using toluene/ter-BuOH mixed solvents of χt-but between 0.1 and 0.6 (9.0 -57.2% in volume) as the organic phase in the presence of divalent metals.
Divalent metals were extracted into a toluene/ter-BuOH mixed solvent at higher mole fractions of ter-BuOH, but in very low percentage. The logarithm of the equilibrium constants of chloro complexes of Cd(II), Co(II), Cu(II), Ni(II) and Zn(II) in chloride mediums 17 are given as follows: Cd(II), (log K1 = 1.32, log K2 = 0.90, log K3 = 0.09, log K4 = -0.45 at I = 4.5); Co(II), (log K1 = -0.69, log K2 = 0.51 at I = 0.69), Cu(II), (log K1 = 2.80, log K2 = 1.60, log K3 = 0.49, log K4 = 0.73 at I = 0); Ni(II), (log K1 = -0.25, log K2 = 0.20 at I = 2) and Zn(II), (log K1 = -0.32, log K2 = 0.27, log K3 = -0.25, log K4 = 0.15 at I = 4.5). These data clearly indicate that the divalent metals existed as mixtures of cationic and anionic chloro species, similarly to MCl + , MCl2, MCl3 -and MCl4 2-types of species, under the experimental conditions. In aqueous solutions, water molecules coordinate to metal ions. A big dehydration energy is needed to transfer the complexes of such anions from the aqueous phase to the organic phase compared with the case of the Cr(VI) complex. Thus, the complexes of divalent metals were not extracted at a lower mole fraction of ter-BuOH in a mixed solvent. With increasing the concentration of ter-BuOH, the water content in the organic phase increased. As a result, the dehydration required for the extraction of metal complexes in the aqueous phase is reduced. Owing to this, the extraction of such species occurs at a higher mole fraction of ter-BuOH in a toluene/ter-BuOH mixed solvent where water content in the organic phase is high.
Since the ter-BuOH molecule affected the extraction process of metals, the concentrations of ter-BuOH in the organic and aqueous phases were determined. The log[ter-BuOH]org was plotted against the initial mole fraction of ter-BuOH in the toluene/ter-BuOH mixed solvent (Fig. 2) . This shows the very similarity to Fig. 1 , which means that the variation of extraction percent of Cr(VI) and the [ter-BuOH]org have a inter-correlation with each other. At lower mole fractions of ter-BuOH in a mixed solvent, more than half of ter-BuOH in the mixed solvent was dissolved in the aqueous phase, lowering [ter-BuOH] in the organic phase; at a higher mole fraction of ter-BuOH, a comparatively large portion of ter-BuOH remained in the organic phase, increasing the [ter-BuOH] in the organic phase. Therefore, the concentration of ter-BuOH in the organic phase increased with an increase of initial mole fraction of ter-BuOH in the mixed solvent. Such an increase of ter-BuOH in the organic phase makes it easier to solubilize the Cr(VI) complex in the organic phase; hence, the extraction percent of Cr(VI) increases with [ter-BuOH] in the organic phase.
To further investigate the effects of toluene and ter-BuOH on the extraction of Cr(VI), toluene and ter-BuOH solvents were individually employed with a 5 M CaCl2 aqueous solution at 0.1 M HCl containing Cr(VI) and divalent metals. None of the metals was extracted into pure toluene, but all metals were extracted into pure ter-BuOH to different extents, e.g.: Cr(VI) over 87 -94% and Cd(II), Co(II), Cu(II), Ni(II), Zn(II) less than 60%. These results also support the crucial effect of the terBuOH concentration in the organic phase for the selective separation of Cr(VI) in the presence of divalent metals. Figure 3 shows the effects of the CaCl2 concentrations in aqueous phases on the extraction of Cr(VI). An increase of the CaCl2 concentration in the aqueous phase provides more Clanions, which increase the concentration of CrO3Cl -in the aqueous phase (vide infra, Eq. (3)). On the other hand, CaCl2 decreases the solubility of ter-BuOH in water, which makes it easier to phase-out ter-BuOH from the aqueous phase, increasing its concentration in the organic phase. As a result, the extraction of Cr(VI) is enhanced with an increase of the salt concentration in the aqueous phase. When [CaCl2] = 0, a very small extraction percent of Cr(VI) (< 4%) was observed. This was due to a very low distribution ratio of ter-BuOH between two phases, because a large part of ter-BuOH in a mixed solvent dissolves in the aqueous phase in the absence of CaCl2 in the aqueous phase. Thus, the extraction of Cr(VI) becomes very small.
Effect of the salt concentration in the aqueous phase on the extraction of Cr(VI)
Effects of the acid concentration on the extraction of Cr(VI)
The extraction of Cr(VI) was investigated at different concentrations of acid in the aqueous phase using a toluene/terBuOH mixed solvent of the ter-BuOH mole fraction at 0.4 as the organic phase. Cr(VI) was not extracted in the absence of acid.
Higher acid concentrations are suitable for the extraction of Cr(VI). However, a further increase of the acid concentration in the aqueous phase decreases the extraction percent of Cr(VI). This is due to the highly oxidizing potential of Cr(VI) at lower pH values. for the separation of Cr(VI) from divalent metals. 
Chemical species of Cr(VI)
The present aqueous phase contains 5 M CaCl2 and 0.1 M HCl. The total [Cr(VI)] is 1.2 × 10 -4 M. Hence, HCrO4 -converts into CrO3Cl -in more than 92%. Therefore, CrO3Cl -species are the dominant Cr(VI) species in the aqueous phase.
Extraction equilibria of Cr(VI)
The 
It is assumed that CrO3Cl -is extracted with H + , and n is the number of ter-BuOH molecules, similarly to the mechanism given in Naito et al. 19 for the extraction of α-PAN-4S (HL -) anion in the 1-octanol/octane system. The above equilibrium is also dependent on the equilibrium shown in Eq. (3). The equilibrium constant for that equilibrium can be expressed as
The distribution of Cr(VI) can be expressed by following equations:
From Eq. (5) (7), we obtain
Equations (6) and (8) can be expressed as
Under excess CaCl2, [Cl -]aq = constant, and we obtain the following equation at a given pH:
The logarithms of the distribution of Cr(VI), (log D(Cr(VI))), were plotted against log[ter-BuOH]org; the plot shows a straight line with the slope of 0.9557 (Fig. 4) . This indicates that one molecule of the Cr(VI)-complex in the organic phase contains one molecule of ter-BuOH. As expected from Eq. 
. Of course, that also gave a straight line. In addition, Naito et al. 19 have reported the participation of a solvated oxonium ion, (ROH)3H3O + , as the counter ion of the ion-pair complex of 2-(2-pyridylazo)-1-naphthol-4-sulfonate anion (HL -) extraction into the octane/1-octanol organic phase at pH 5.6. Bell et al. 20 studied the reactions of ter-BuOH with protonated water clusters in an ion mobility system (IMS), and proposed the existence of ter-BuOH2 + species solvated by 1 or 2 water molecules and the H3O + species solvated by 2 ter-BuOH molecules under the "wet" condition. The existence of only the ter-BuOH2 + species has been reported under "dry" conditions. We measured the characteristics of the UV/Vis spectra of the complexes in both the organic and aqueous phases after extraction with the toluene/ter-BuOH mixed solvent at a mole fraction of ter-BuOH of 0.1. The UV/Vis spectra of the organic and aqueous phases were characterized by a sharp single absorption band at a wavelength of 290 nm and a broad absorption band at a wavelength of 358 nm (Fig. 6 ), respectively. With the transfer of the complex into the organic phase, the UV/Vis spectra of the Cr(VI)-complex in the organic phase was characterized by a large hypsochromic shift from 358 nm to 290 nm. The large hypsochromic shift shown in the organic phase indicates a large charge neutralization of the Cr(VI)-complex due to the solvent effect. 21 In the organic phase, H + would be preferably solvated by ter-BuOH molecules to form terBuOH2 + . One reason is the higher concentration of ter-BuOH in the organic phase than H2O; another is the higher basicity of terBuOH than H2O. Therefore, a huge charge neutralization takes place within the solvent cluster of the [ter-BuOH2 + ·CrO3Cl -] complex through solvation by ter-BuOH molecules, which leads to a large hypsochromic shift in the organic phase. In light of the above, the extraction mechanism can be proposed by following mechanism:
Comparison of the separation methods with the water/2-propanol system
Chung et al. [10] [11] [12] have reported on the selective extraction of Au(III) from Pd(II) and Pt(II), Tl(III) from Ga(III), In(III), Bi(III) and Sb(III), and Co(II) from Mn(II), Ni(II) and Cu(II) using the water/2-propanol homogeneous system. Using these separation methods, the extracted chemical species were Na + [AuCl4 -], Na + [TlCl4 -] and Ca 2+ [CoCl4 2-], respectively. It was reported that these metal complexes have a tetrahedral structure coordinated by four Cl -; Na + and Ca 2+ are counter-ions to neutralize the charge of the complexes, and the water concentration in the organic phase controls the extraction behavior of di-and tri-valent metal ions in the water/2-propanol extraction system. The extraction of these ionic compounds in organic solvents was dependent on the charges of the complexes. Thus, we examined the water/2-propanol and water/ter-BuOH homogeneous systems for the extraction of Cr(VI). Both systems could extract Cr(VI) and other metals. However, the mixed solvent of toluene and ter-BuOH could extract Cr(VI) selectively from other divalent metals. The difficulty in the extraction of a divalent metal may also be due to the steric hindrance for the formation of ions-pair complexes between the divalent tetrachloro species and monovalent [terBuOH2 + ].
Conclusions
In summary, we can conclude that toluene/ter-BuOH mixed solvents with the ter-BuOH mole fraction in the range of 0.1 -0.6 can be employed to selectively extract Cr(VI) in the presence other divalent metals from 0.1 M acidic chloride media under the 5 M CaCl2 salting-out condition. Chromium(VI) was extracted as an ion-pair complex of [ter-BuOH2 + ·CrO3Cl -]. The complex became very stable due to large charge neutralization by the solvent effect. The extraction of Cr(VI) is dependent on [H + ]aq, [CaCl2]aq and [ter-BuOH]org. Higher selectivity and extractability can be achieved by manipulating the initial terBuOH mole fraction in the toluene/ter-BuOH mixed solvent between 0.1 and 0.6. The extracted Cr(VI) can be quantitatively back extracted by using a 2 M NaOH aqueous solution. There is no interference concerning the separation of Cr(VI) due to the presence of divalent metal ions. Divalent metals extract only at a higher mole fraction of ter-BuOH in toluene/ter-BuOH mixed solvents, but in very low percent. 
